Introduction Currently, there is no reliable method to differentiate acute from chronic carotid occlusion. We propose a novel CTA-based method to differentiate acute from chronic carotid occlusions that could potentially aid clinical management of patients. Methods We examined 72 patients with 89 spontaneously occluded extracranial internal carotids with CT angiography (CTA). All occlusions were confirmed by another imaging modality and classified as acute (imaging <1 week of presumed occlusion) orchronic (imaging >4 weeks), based on circumstantial clinical and radiological evidence. A neuroradiologist and a neurologist blinded to clinical information determined the site of occlusion on axial sections of CTA. They also looked for (a) hypodensity in the carotid artery (thrombus), (b) contrast within the carotid wall (vasa vasorum), (c) the site of the occluded carotid, and (d) the "carotid ring sign" (defined as presence of a and/or b). Results Of 89 occluded carotids, 24 were excluded because of insufficient circumstantial evidence to determine timing of occlusion, 4 because of insufficient image quality, and 3 because of subacute timing of occlusion. Among the remaining 45 acute and 13 chronic occlusions, inter-rater agreement (kappa) for the site of proximal occlusion was 0.88, 0.45 for distal occlusion, 0.78 for luminal hypodensity, 0.82 for wall contrast, and 0.90 for carotid ring sign. The carotid ring sign had 88.9% sensitivity, 69.2% specificity, and 84.5% accuracy to diagnose acute occlusion. Conclusion The carotid ring sign helps to differentiate acute from chronic carotid occlusion. If further confirmed, this information may be helpful in studying ischemic symptoms and selecting treatment strategies in patients with carotid occlusions.
thrombus in the lumen (Fig. 1) . We hypothesized that the findings in this image, which we termed carotid ring sign, could accurately differentiate between acute and chronic carotid occlusions. The present study aims to test this hypothesis.
Methods

Patients
The majority (78%) of acute ischemic stroke patients admitted to our institution are investigated with CTA, and reveals a significant vascular pathology in 47.2% [11] . For this analysis, we retrospectively screened all patients admitted to our hospital between May 2000 and July 2005 with an acute ischemic cerebrovascular event. We selected patients with an extracranial internal carotid occlusion diagnosed by CTA and confirmed by a second imaging technique (i.e., carotid Doppler ultrasound, magnetic resonance angiography (MRA) or classical angiography) within 7 days of the CTA. Patients were excluded from the study when (a) the quality of CTA images was poor, (b) there was insufficient evidence to allow classification of the carotid occlusion as "acute" or "chronic" according to the criteria listed below, or (c) the occlusion likely occurred in an intermediate phase, i.e., 7-30 days before CTA. These cut offs were arbitrarily chosen to increase the likelihood of finding reliable diagnostic criteria on CTA.
CTA technique and image evaluation
In our institution, the parameters for cerebral and cervical CTA acquired by multidetector-array technology in helicoidal mode during the observation period were 140 kV, 260 mAs, slice thickness 1.25 mm, pitch 0.9:1. Acquisition delay depends on the bolus test of 20 ml (range 15-20 s). Acquisition is then performed after intravenous administration of 50 ml of iohexol (300 mg/ml of iodine; Accupaque 300, Amersham, Oslo, Norway) at a rate of 5 ml per second with a power injector (Stellant® D CT Injection System; Medrad, Warrendale, PA, USA). Data acquisition is performed from the origin of the aortic arch branch vessels to the frontal sinuses. Maximum-intensity projections are then reconstructed in axial, sagittal, and coronal planes.
A neuroradiologist (SB) and a neurologist (PM) that were blinded to patients and to clinical information independently determined the site where the occlusion started with relationship to the extracranial carotid bifurcation, the site where it ended in intracranial portion of the internal carotid, and the length of the occlusion on axial sections of the CTA. In addition, they looked for the presence of hypodensity in the lumen of the occluded carotid (corresponding to the occlusive thrombus) and contrast within the carotid wall. The carotid ring sign was defined as the presence of ring-like contrast enhancement in the carotid wall and/or intraluminal hypodensity (Fig. 1) . In case of discordance between the two readers, a consensus was reached.
Classification of ICA occlusion
In the absence of a gold standard for differentiating acute from chronic carotid occlusion, we chose to use circumstantial evidence such as classification, the type and localization of the acute cerebrovascular events, prior carotid imaging, and autopsy findings. Extracranial ICA occlusions were classified with regards to the time that occurred as acute when the estimated time of occlusion was within 7 days prior to CTA or chronic when more than 30 days before. They were also classified with regards to the level of certainty for the timing of occlusion as certain or probable, according to circumstantial evidence.
An acute extracranial ICA occlusion was classified as certain when (a) confirmed as such by autopsy, (b) anarterial imaging study <7 days earlier showing patency, (c) caused by a dissection with associated neurological symptoms (e.g., Horner syndrome, transient ischemic attack (TIA), stroke), or (d) a follow-up arterial imaging study demonstrated recanalization. On the other hand, it was classified as probable in the case of symptomatic ischemic stroke confirmed by a new parenchymal lesion in the territory of the occluded carotid (except when there was a ≥70% stenosis of another major artery serving as potential collateral and embolic source to the occluded carotid territory, i.e., contralateral internal carotid, ipsilateral external carotid, basilar artery). Fig. 1 Axial image on cervical CTA of the right internal carotid of a 67-year-old patient with an acute atherosclerotic stroke at the middle cerebral artery territory. CTA was performed at the day of symptom onset. An occluded internal carotid with a hypodense lumen (long arrow) and a ring of contrast enhancement at the vascular wall (short arrows) is shown. EC external carotid, JV jugular vein A chronic extracranial ICA occlusion was classified as certain when (a) confirmed as such by autopsy, or (b) an occlusion was previously documented by an arterial imaging study, and there was no dissection or cardioembolic source. On the other hand, it was classified as probable when (a) an occlusion that was due to dissection or cardioembolism was previously documented by an arterial imaging study, (b) it was an incidental finding in an asymptomatic patient (without any recent (≥1 month) cerebrovascular event) and without an acute/subacute parenchymal lesion on CT or MRI in the territory of the occluded carotid, or (c) it was an incidental finding in a symptomatic patient (with recent ischemic cerebrovascular event outside the territory of the occluded carotid) without a >70% stenosis in another major artery serving as potential collateral to the occluded carotid artery (contralateral internal carotid, ipsilateral external carotid, basilar artery).
Statistical analysis
Cohen's kappa (κ) statistical analysis for inter-rater agreement was performed to evaluate the degree of agreement between the two readers. Sensitivity, specificity, accuracy, positive and negative predictive value (PPV and NPV, respectively), and positive and negative likelihood ratio (LR+and LR−) of the luminal hypodensity, the wall contrast enhancement, their combination and the carotid ring sign were calculated from the true positive (TP), true negative (TN), false positive (FP), and Of them, 31 were excluded (24 due to insufficient circumstantial evidence, 5 due to poor image quality, and 3 due to subacute timing of the occlusion) and the remaining 58 occlusions (in 50 different patients) were classified as acute or chronic, and further stratified according to the level of certainty for the estimation of the timing of the occlusion (Fig. 2) . In four cases, the estimation of the two reviewers about the presence of the sign was different
Characteristics
Acute occlusion Chronic occlusion n=45 n=13
Side of occlusion (Table 1 ). Cohen's k was 0.88 for the inter-rater agreement for the site of proximal occlusion, 0.45 for the site of distal occlusion, 0.70 for the luminal hypodensity, 0.82 for the contrast within the wall, and 0.86 for the carotid ring sign. Table 2 summarizes the sensitivity, specificity, accuracy, PPV, and NPV of the presence of luminal hypodensity or wall contrast or their combination or the carotid ring sign to diagnose an acute extracranial ICA occlusion. The statistical difference noted for cross tabulation between the presence and absence of each sign was significant (p<0.01 for the presence of luminal hypodensity, wall contrast or their combination, and p<0.05 for the carotid ring sign). The carotid ring sign was the index with the highest accuracy (84.5%), sensitivity (88.9%), and NPV (64.3%), whereas the presence of wall contrast enhancement showed the highest specificity (84.6%) and PPV (94.9%).
The employment of the carotid ring sign yielded four false-positive and five false-negative results. The four-false positive results were obtained in three patients classified as having chronic occlusions: (a) a patient with a stroke at the distribution of the middle cerebral artery (MCA) during carotid endarterectomy (CEA) for symptomatic right ICA stenosis with an incidental left ICA occlusion (Fig. 2a) , (b) a patient with a left MCA TIA who already had a minor left MCA stroke with documented occlusion 5 months before (Fig. 3b, (c) a patient with vertebrobasilar TIA with bilateral occlusion documented 4 and 2 years earlier ( Fig. 3c and d) . The five false-negative results were obtained in five patients with acute MCA stroke, with the right ICA occluded in four and the left in one patient.
We found the ring sign to be present in different pathogenetic mechanisms of occlusion (Fig. 4) : local atheromatosis, dissection or cardiac sources, and also in the single patient with occlusion related to sphenoid osteomyelitis.
Discussion
This study presents CTA-based criteria to classify extracranial internal carotid occlusion in asymptomatic and symp- TP true positive, TN true negative, FP false positive, FN false negative, PPV positive predictive value, NPV negative predictive value tomatic patients as acute (within 7 days) or chronic (older than 30 days). On axial CTA sections, the presence of the carotid ring sign-defined as ring-like contrast enhancement in the carotid wall and/or intraluminal hypodensity-reliably differentiated acute from chronic occlusion when compared to circumstantial evidence of the timing of the occlusion.
In patients with recent carotid stent, 3D CTA has been used to follow the sequential change of the intraluminal diameter and thrombus formation [12] . On the contrary, in patients presenting with acute stroke and a carotid occlusion, there is no radiological method to reliably estimate the timing of the occlusion. As a result, these are currently classified either as symptomatic or asymptomatic. However, an acute ischemic stroke distal to an occluded ICA is not proof for the latter being the cause of the stroke. Moreover, it may be difficult to decide in a patient with multiple arterial occlusions which Fig. 4 The carotid ring sign is present in acute internal carotid occlusion independently of the cause of occlusion: patient with a atherosclerosis, b dissection, c osteomyelitis in the sphenoidal bones with retrograde carotid occlusion one caused acute stroke symptoms, particularly if acute ischemia is demonstrated in border zone regions. Hence, it may be impossible to decide which artery should be acutely treated. The presence or absence of the carotid ring sign, in combination with circumstantial clinical evidence, may allow identifying more efficiently the truly symptomatic lesions. Such a patient case is described in Fig. 5 , where the absence of the ring sign was used along with information available from other investigations and clinical facts.
A pathophysiological explanation for the occurrence of the ring sign may be the contrast enhancement of the vasa vasorum in the viable arterial wall. The luminal hypodensity corresponds to the absence of contrast uptake by the inherently vascular occluding thrombus. In contrast, the arterial wall may not be well perfused anymore in chronic occlusion with scarification of the thrombus and vessel. Similar signs were previously described for the diagnosis of internal jugular venous thrombosis [13, 14] , as well as deep venous thrombosis of the lower limbs and the pelvic region [15] . However, attention should be drawn for conditions which may mimic the carotid ring sign such as calcified plaques, floating thrombus (also called the "donut sign" Fig. 6 Conditions which may mimic the carotid ring sign: a calcified plaques in the carotid wall, b floating thrombus, c calcified jugular vein Fig. 5 A 73-year-old man with hypertension and diabetes attended the emergency room due to urinary retention. However, in the emergency room, he developed a rapid decrease of consciousness, left homonymous hemianopsia, conjugate gaze deviation to the right and bilateral, left-predominant hemiplegia. Clinically, both anterior and posterior circulation symptoms were present. Acute CT showed no acute lesions, and CTA revealed occlusion of the right internal carotid (RIC) artery and the basilar artery (BA). Emergent MRI showed acute infarctions in the right hemispheric border zones (left figure) , a left thalamic, small left pontine and right superior cerebellar strokes, and confirmed the RIC and BA occlusions (middle figure) . Based on the combination of clinical presentation, MRI findings, and the absence of the ring sign on the CT in the RIC (right figure), a decision was made to perform acute intravascular thrombolysis combined with posterior circulation (BA) thromboaspiration and angioplasty. Recovery was slow but steady thereafter, and after a prolonged rehabilitation, patient returned home [16] ), calcified jugular vein (Fig. 6 ). Also, it is possible that the sign does not differentiate well between acute and subacute occlusions, as was shown by our two false-positive results, both of which were actually subacute occlusions (first diagnosed at 2 weeks and 5 months before CTA).
This study is subject to limitations; we had to use circumstantial evidence to classify carotid occlusions as acute or chronic, since there is still no gold standard diagnostic test. It is possible that in some instances, this evidence lead us to wrong estimation of the true timing of the occlusion; therefore, it is possible that some of the predictions of the carotid ring sign, which were considered false, where in fact, the available circumstantial evidence classified the timing of the occlusion incorrectly.
In conclusion, the carotid ring sign on CTA helps to differentiate acute from chronic carotid occlusion. If confirmed by further studies, this information may be helpful in studying ischaemic symptoms and selecting treatment strategies in patients with carotid occlusions.
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